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ABSTRACT

A study was performed involving the leaching characteristics
of three synthetically-generated metal finishing sludges.

Three

precipitates (one hydroxide, two sulfide-based) containing varying
concentrations of cadmium, copper, lead, nickel and zinc were
dewatered and subjected to an EPA-approved Extraction Procedure
Toxicity Test.

Results showed that all three sludges failed to

achieve compliance with EPA-regulated limits.

The sludge generated

from an insoluble sulfide process exhibited the fewest parameters
in violation (two), while the soluble sulfide sludge had one metal
in compliance and the hydroxide sludge had none.
On a metal-by-metal basis, lead and copper exhibited the greatest

capacity to withstand resolubilization in a low pH (5) environment.
Nickel and zinc were present at the highest leachate concentrations
in all three sludges.

Cadmium extraction concentrations varied.

In conjtmction with this study, a montmorillonite clay was

.

combined with each sludge on a mass ratio basis to discern metal
attenuating effects tmder a low pH environment.

The presence of

the clay served to reduce metal leachate rates for two of the
three sludge-types tested.

However, neither sludge-type exhibited

leachate concentrations below federally regulated limits.

On a

metal by metal basis, lead and copper were attenuated to the

highest degree, nickel and zinc the lowest.

The presence of clay in

copper and lead-dominant sludges may serve to lower extract
concentrations for both metals and possibly provide an opportunity
to have the sludge(s) declared non-hazardous.

Conversely,

sludges consisting predominantly of nickel and/or zinc would require
disposal in a secure landfill.·
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CHAPTER I
INTRODUCTION

In the electroplating/metal finishing industries, normal
production activity generates a waste effluent.

A variety of

heavy metals (e.g., Cd, Cu, Cr, Pb, etc.) in varying concentrations
are present within this effluent and must subsequently be removed
before the waste stream can be introduced to either the public
sewer system or directly to the environment.

To this end, a

number of chemical precipitation reactions are commonly employed
to treat this wastewater.

The sludge which is generated as a result

of this process may be defined as a hazardous waste and therefore
must be handled and disposed of properly.
Upon introduction into the environment, the metals botmd
within this sludge may be resolubilized and introduced into the
surrounding soil in a more

dangero~s

ionic form.

The effects of

the surrounding environment, especially the effect of rainwater
with its potential to dissolve the compound (pH of rain ranging
from 3.0 to 6.5) and then act as the transporting medium,
is an area of concern.

A 1982 EPA report concerning the use of

sulfide precipitation in the metal · finishing industry stated that:

2

The final selection of a hydroxide or sulfide
process should also consider any different constraints
for disposal of the resulting sludge. Preliminary studies
have indicated that metal ion leachability is lower for
metal sulfide sludges than for hydroxide sludges.
However, the long-term impacts of weathering and of
bacterial and air oxidation of sulfide sludges have not
been evaluated.
At this time, the necessary precautions for
environmentally safe disposal of sulfide sludge have
not been established. This lack of information prevents
an evaluation of the impact of generating a sulfide sludge
instead of a hydroxide sludge (EPA 1982).
To this end, the scope and objective of this research was to
investigate the leaching potential of five different heavy metals
bol.llld within three different types of metal precipitated sludge.
The metals in question are Cd, Cu, Ni, Pb and Zn.
tested as a matrix rather than in a singular form.

They were
The reagents

of interest were one form of hydroxide (NaOH) and two sulfides
(NaHS and FeS).

Leaching characteristics of each sludge were

evaluated via the EP Toxicity Test (Federal Register 1980).
Metal leachate concentrations were then compared to established
sludge delisting limits.
In addition, studies involving the leaching rate of the three
sludges in the presence of a clay (montmorillonite) were performed.
Th.e objective was to investigate the clay's capacity to attenuate
leaching of the · five target metals.

CHAPTER II
BACKGROUND INFORMATION

This chapter defines what a hazardous waste is, what
environmental consequences are created by the presence of heavy
metals, the alternatives available for disposing of heavy metalladen waste, and the current regulations which control the
handling, treatment and ultimate disposal of industrial waste
sludges.
Definition of a Hazardous Waste
In the process of manufacturing goods

(food, clothing,

equipment, drugs, etc.), there may be materials produced which are
not useful.

They may be by-products of a manufacturing process or

raw materials which have served their purpose.
wastes are harmless.
dangerous.

Most of these

However, a small percentage can be considered

Mine-tailings are considered hazardous by-products of

mining processes, while spent dry-cleaning solvent is an example
of an exhausted processing material.
The EPA conservatively estimates that approximately 80 billion
pounds of hazardous waste material are generated annually, about
350 pounds of hazardous waste for every inhabitant of the United
States (Epstein

et al.

1982).
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The environmentally acceptable disposal of these hazardous
wastes is a mandated goal of the Resource Conservation and Recovery
Act (RCRA).

Regulations proposed and promulgated by the U.S.

Environmental Protection Agency in response to RCRA place
restrictions on the generators of these wastes, including
requirements for the manifesting of any wastes to be transported
and chain-of-custody liability.
In general, a hazardous waste is defined as any waste with
the potential for acute or chronic adverse health or ecological
effects when its disposal is uncontrolled.

A legal definition

has been established by the EPA:
A "hazardous waste" is any waste or combination
of wastes of a solid, liquid, contained gaseous, or
semi-solid form which because of its quantity,
concentration or physical, chemical or infectious
characteristics, may (a) cause or significantly
contribute to an increase in mortality or an increase
in serious irreversible or incapacitating reversible
illness, or (b) pose a substantial present or potential
hazard to human health or the environment when
improperly treated, stored, transported or disposed
of, or otherwise managed (Federal Register 1976).
When deciding whether or not a specific substance is hazardous,
it is useful to use a set of criteria against which the properties
of the material in question can be judged.

Acute and chronic

toxicity, carcinogenic properties, and genetic effects must all be
considered.

One example of screening criteria developed to
1

evaluate the hazardo us nature of chemicals is illustrated in Figure
1 (Johnson

1982).

5

Wasm streams
Does waste contain
radto.ctiw constituents
> MPC levels?

Yet

No
11 wm• subject to
bioconc:entration 1

Yn

No
11 wme flwnmability
in NFPA catege>ry 4?

Yes

No
11 waste reactivity
in NFPA category 4?

Yes

No
Does waste h.w an oral L0 50
< 50 mw'liter?

Yes

No
11 waste in~lation toxicity
< 200 PPM ii gas or mist?
LC 50 < 2 m~LAS dust?

Yes

No
Is waste dermal penetration
toxicity LO!iD < 200 mg/kg?

Yes

No
Is waste dermal irritation
reaction > grade 77

Yes

No
Does waste have aquatic

96 hr TLM

< 1000 mg/liter?

Yes

No
Is waste phytotoxicity
I Lm < 1000 mw'liter?

Yes

No
Does wnte cau• genetic
cNrlges?

Y•

No
Nonhazwdous w..-

Fig. 1.

Hazardous wastes

A hazardous waste decision model (Johnson 1982).
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Problems Associated with Metal Finishing Wastewater
Table 1 breaks down the total yearly amotm.t of hazardous waste
generated into five groups on the basis of industrial source.

TABLE 1
SOURCES OF HAZARDOUS WASTES, 1978

Pounds (Billions)

Generating Industry
Organic Chemicals

29

Primary Metals

26

Electroplating

9

Inorganic Chemicals

9

Textiles, Petroleum Refining,
Rubber, and Plastics

3

76

TOTAL
SOURCE:

Epstein

et al (1982)

What defines metal finishing wastewaters as hazardous are the
heavy metals and organics used in the manufacturing processes.

The

more collllllOnly used metals are chromium, copper, nickel and lead,
along with the precious metals silver and gold.

The most toxic

organic present is cyanide, which is used as an anion complexing
agent.

Although its use is limited, cyanide is extremely toxic
1

and requires treatment to regulated limits prior to discharge.
Successful treatment of cyanide produces harmless . carbon dioxide
and nitrogen gas (Pekin and Gagnon

1981).
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In contrast, the removal of heavy metals from plating wastewaters
does not render these metals non-toxic.

The degree of toxicity can

be reduced via a change of state (i.e., from a free ion to a complexed
solid).

Therefore, care must be taken to assure that both the

wastewater and sludges bearing these metals are managed properly to
avoid release of metals to the environment.

Once present, possible

contamination of the surrounding soil, water and biological makeup
may also occur.

A brief literature review with regards to heavy

metals effects on sewage treatment, domestic wastewater sludges and
aquatic life is now presented.
Biological Effects of Heavy Metals
Heavy metals have been shown to adversely affect wastewater
treatment processes (Nemerow 1978).

Low concentrations of such

metals may inhibit sludge digestion (aerobic or anaerobic) as
noted in Table 2.
Inhibition of biological processes during wastewater treatment
can result in poor effluent and sludge quality.

Accumulation of

heavy metals within domestic sludge may preclude utilization as a
soil conditioner.

Because of this, the Florida Department of

Environmental Regulation classifies domestic wastewater treatment
sludge as Grade I, II or III (see Table 3).

Only a Grade I and

Grade II (with limitations} sludge can be utilized as a soil
I

amender •.

.

A Grade III sludge must be disposed of in a more

controlled manner Ce.• g., a ml.nlicipal or secure landfill).

8

TABLE 2
TOXIC LIMIT FOR METALS IN RAW
SEWAGE SUBJECT TO SLUDGE DIGESTION

Reference*

Metal (mg/l)

A

B

Chromium

5.0

5.0

Cyanide

2.0

1.0

Copper

1.0

1.0

0.3

0.2

5.0

0.3

0.3

Zinc

0.05
0.1

Nickel
*

A:
B:
C:
D:

D

C**

2.0
Coburn (1949)
Rudolf s (1950)
Kittrell (1956)
Dodge and Zabban (1955)

** For streams and sewers

TABLE 3
CHEMICAL CRITERIA IN mg/kg DRY WEIGHT
OF FLORIDA DOMESTIC WASTEWATER SLUDGE

Parameter

Grade
II

I

III

Cadmium

-<

30

30-

100

>

100

Copper

-<

900

900-

3.ooo

>

3,000

Lead

~

l.ooo

1,000- 1,500

>

1,500

Nickel

100
-<
..:s. 1,800

500

>

500

Zinc

100-

l,800-10,000

> 10,000
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These classifications are necessary due to the ability of a
heavy metal to translocate from the soil to plants or wildlife which
come in contact with that soil.
Garcia

et al.

(1979) studied the mobility of seven heavy

metals, among them Zn, Cd, Pb and Cu, within corn plants grown in
sludge-amended soil.

Movement ·from the soil into the plant showed

that the highest accumulation of metals occurred within the leaves
and roots, while the lowest accumulation occurred in the grain and
cob.

Also, cadmium exhibited the greatest increase in concentration

when comparing unamended to sludge-grown conditions (0.062 to 3.63
ppm,

rcspc~tively

Beyer

et al.

within root structures).
(1982) reported that earthworms exposed to

sludge-amended soils contained significantly higher amol.mts of
metals than those raised in control sites (see Table 4).

With the

ability to bioaccumulate heavy metals, Beyer concluded that
earthworms can act as a transport mechanism for metals, translocating
them from the soil to the wildlife which feed on them.
Finally, heavy metals present in aquatic environments have
been shown to be toxic to fish.

Table 5 (Jones

1964) tabulates

the effects of five heavy metals on three varieties of fish.
The presence of heavy metals within the soil and aquatic
envi:ronmentas can have a deleterious effect on plant, bacteria
I

and wildlife which inhabit that ecosystem.

Wastewater treatment

in the metal finishing industry may produce effluent and sludge
metal concentrations above those values reported · as toxic.
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TABLE 4
CONCENTRATIONS OF HEAVY METALS (GEOMETRIC MEANS) IN
EARTHWORMS AND SOILS FROM SLUDGE-TREATED AND
CONTROL PLANTS AT THREE LOCATIONS IN PENNSYLVANIA

Location and Treatment (Sludge [S] or Control [C])
Metals

I

Citv A

c

I

City B

I

s

1

c

1

s

City C

c

I

1

· s

In Earthworms (ppm dry weight)
Cd
Zn
Cu
Ni
Pb

51
393
32
13
17

4.0
256
12
16
14

5.3
241
12
15
24

18
702
38
14
28

8.6
225
13
11
16

101
353
28
14
16

In Soil (ppm dry weight)
Cd
Zn
Cu
Ni
Pb

SOURCE:

0.06
51
11
14
16

Beyer

3.8
175
46
17
41

et al.

0.18
67
12
12
34

(1982).

0.91
150
46
18
43

0.14
51
17
13
22

1.9
86
44
20
23
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TABLE 5
LETHAL CONCENTRATIONS OF HEAVY METALS ON
THE GOLDFISH, STICKLEBACK AND RAINBOW TROUT

Lethal
Concentration
(ppm)

Exposure
Time
(hours)

Salt

Fish Tested

Cadmium Chloride
Cadmium Nitrate
Cadmium Nitrate

Goldfish
Rainbow Trout
Stickleback

.017
3.00 Cd
0.300 Cd

9-18
168
190

Cupric Chloride
Copper Nitrate
Copper Nitrate

Goldfish
Rainbow Trout
Stickleback

0.019
0.080 Cu
0.020 Cu

3-7
20
192

Lead Nitrate
Lead Nitrate
Lead Nitrate

Goldfish
Rainbow Trout
Stickleback

10.0
1.00 Pb
0.10 Pb

1-2
100
336

Nickel Chloride
Nickel (salt)
Nickel Nitrate

Goldfish
Rainbow Trout
Stickleback

10.0
30.0 Ni
1.00 Ni

200
168
156

Zinc Sulfate
Zinc Sulfate
Zinc Sulfate

Goldfish
Rainbow Trout
Stickleback

SOURCE:

Jones (1964).

100.0
0.50
0.30

120
64
204
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Table 6 shows the range of effluent concentrations for five metals
from a representative sampling of treatment sites using hydroxide
precipitation.

TABLE 6
RANGE OF EFFl:iUENT CONCENTRATIONS
USING HYROXIDE PRECIPITATION

Metal
(mg/l)

Sites
Sampled

Effluent
Concentration
Range (mg/ 1)

Cd

31

.005 -

Cu

47

.006 - 4.47

Pb

44

.010 -

Ni

45

.060 - 7. 30

Zn

34

.010 - 3.12

SOURCE:

.028

.165

EPA (1983)

Hazardous Waste Disposal
There are a variety of methods employed in the disposal of
hazardous residues, including physical, chemical, biological and
thermal treatment processes.
EPA (Smith and Fazzini

However, in a study sponsored by the

1982), 47 different alternatives for ultimate

disposal of hazardous wastes were considered.

From this, two

I

alternatives were recommended:
or secure landfills.

(1) incineration and (2) chemical
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Incineration is basically a tool for destroying organic
constituents.

Hence, for metal precipitated sludge, the chemical

or secure landfill is the principal means of ultimate disposal.
Secure Landfills
Roughly defined, a secure landfill functions as a
macroencapsulation of hazardous waste using a natural or synthetic
impermeable liner to cover the bottom and sides of the site.
Eventually, a similar covering is placed
(Sittig

1979).

ov~r

top of the entire site

Such a design should act to prevent surface and

groundwaters from entering the landfill while also containing any
toxic leachate within the site.
Secure landfills accept all but those materials which are
radioactive, explosive or pyrophic (material which ignites upon
contact with air).
certain criteria.

However, acceptable material must still meet
Among these are the degree of chemical reactivity,

flammability, solubility and treatability which the compound may
exhibit.

No waste materials or combinations of materials may be

placed in the landfill which would result in the formation of a
leach.ate which could not be completely treated by an advanced
wastewater treatment system.

This segregating policy also applies

to any mixture of materials which may be produced within the
interior of the landfill by chemical or biological means ·(McGahan
I

1981).

In the case of heavy metal leachates, a neutralizing solution

could be added to reprecipitate the metal ions.
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Site selection should consider certain geological conditions
indigenous to that area.

The soil beneath the site should be clay

or some other impermeable material which would provide backup
protection in case the synthetic liners breach.

The water table

within the area should be well below ground, at least 5 feet, to
minimize contact with the site.

The landfill should also be at

least 500 feet from any functioning public or private water supply
(Sittig

1979).

Secure landfills should also be located in sites

easily accessible to transportation, in areas of low population
density and low alternative land value.
In constructing the landfill, the pit should be excavated in
clay, the subgrade compacted, smoothed, and fitted with an impermeable
inert lining of such materials as asphalt, concrete, rubber, or
plastic, reinforced by overlaying with compacted clay soils.

A

system of leachate drains should be constructed adjacent to the
liners at the perimeter of the landfill base 'to collect any water
leaking into the pit for treatment.

Chemically incompatible wastes

should be segregated and compartments, each designated for specific
waste streams, should be constructed using clay dikes as dividers.
For example, acid or low pH wastes should be segregated from metal
bearing sludges to avoid re-solubilization of the metals.

When

ready for closure, the landfill should be capped with a liner and a
I

layer of clay.

A fresh pit should be opened adjacent to the site.

Post-closure should involve regular monitoring of water through a
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network of wells both inside and outside of the site
(Cheremisinoff
Pope

et al.

1979; Sittig

1979; Epstein, Brown and

1982).
Waste Preparation
All metal-bearing sludges to be processed into a secure

landfill must tmdergo strict quality control.

As a result, many

of these wastes must be prepared or treated in some manner prior
to deposition to ensure that the material is chemically stable.
Methods of preparing metal sludges include:

segregation, chemical

fixation, encapsulation and volume reduction.
Segregation
Landfill sites accepting toxic metal sludges should be
organized by subdividing areas for specific sludges.

Curry (1975)

recommends the following general classification of sludges:
1.

acid forming (includes sulfides)

2.

oxidizing

3.

reducing

4.

fume and vapor formi_n g

5.

exothermic

6.

organic wastes without toxic or heavy metals

7.

general, which includes hydroxides, oxides,
carbonates, etc.
I

16
Chemical Fixation
In chemical fixation, proprietary chemicals, such as Portland
cement, are mixed with the waste sludge resulting in a matrix which
entraps and chemically bonds the waste into insoluble complexes
(Christenson and Wakayima

1980).

The mixture is then pumped onto

the land where solidification occurs within a time period of a few
days or a few weeks, depending on the process.

Chemical fixation

is applied to all types of heavy metal sludges.

Leaching should be

abated, but the permanence and integrity of the resulting matrix has
not yet been fully demonstrated.

Sittig (1979) discusses a number

of solidification/fixation processes.

Encapsulation
A common form of waste ·stabilization, encapsulation, attempts
to isolate waste particulates from the surrounding environment.
One type, macroencapsulation (secure landfilling), has already been
discussed.

The other is microencapsulation.

This process, which

is similar to solidification, involves the coating and binding of
solid particles together into a single, cohesive mass.

The

resulting material has such a low permeability that liquids cannot
penetrate beyond the surface of the solids.
for leaching is reduced.

Thus, the potential

Some of the media used as microencapsulators

include concrete, molten
asphalt and plastics (Thompson and Malone
I

1981).
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Volume Reduction
Unlike fixation or encapsulation, volume reduction does not
reduce the toxicity of the sludge like the previous three.
Rather, it provides the generator with the opporttmity to reduce
hauling and disposal costs.
than 220

Also, if sludge production is less

lbs/month., relief from RCRA regulatory requirements can

be obtained (EPA

19 83).

Volume reduction is achieved by either

altering on-going process controls and unit operations or by direct
treatment of the sludge.
Two of the more popular processes used
volume are filtration and centrifugation.

in reducing sludge

Filter types include

vacuum drum, horizontal belt, pressure, dual cell and gravity.
All work towards the same end,

a high

sludge concentration

at the highest possible solids loading and solids retention.

Regulations
In the early 197Qs,

the increased rate of solid waste

generation and the need for environmentally .safe disposal became
more and more apparent.

The U.S. Congress enacted the Resource

Conservation and Recovery Act (RCRA) in 1976 to address this issue.
Included within the Act were provisions which established federal
control over solid waste disposal, Subtitle C (Shuster and Wagner
1982).
The EPA classi.fi.e d the followitlg metal finishing wastes as

hazardous material (Federal Register 1980):

18

1.

plating baths and the sludge accumulated in
these baths

2.

stripping and cleaning solutions

3.

sludge resulting from wastewater treatment

RCRA standards for solid waste generators such as plating shops
are defined in Part 262 of Subtitle C.

These regulations cover the

waste from the time of its creation, to ultimate disposal.

This

cradle-to-grave monitoring is achieved by a manifest system.
waste that is transported off-site for treatment,

sto~age

Any

or disposal

must be accompanied by a manifest which:
1.

identifies the generator of the waste

2.

provides a full description of the contents and
quantity of the waste

3.

designates the facility to which the waste must
be shipped (EPA 1982).

RCRA guidelines hold the waste generator responsible for the
ultimate disposal of metal-laden sludge.

Any violation

of these

regulations may result in strict civil or criminal penalties.

In

addition, RCRA established requirements for transportation, storage
and ultimate disposal of the waste.
Haulers of hazardous waste

must

carry shipping papers which

provide a description of the waste being transported (i.e.,
quantity, composition, specific hazards, etc.).

The transporter

must also obtain an EPA
identification number, adhere to required
I
EPA and DOT regulations, and perform delivery tmder a manifest system.
Facilities which store and provide ultimate disposal for
hazardous waste may be permitted on an interim basis.

Interim status
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includes those sites which:

have been under operation or construction

before November 19, 1980, had applied for a permit by the same date,
or had notified EPA of their hazardous waste activities by August
18, 1980 (Federal Register

1980).

In setting facility standards, EPA has relied primarily on
specific design and operating standards, rather than source emission
standards, due to the comparative ease of comprehension and
enforcement (Lehman

1981).

These regulations are quite comprehensive

with standards applying to location limitations, construction and
operation, security requirements, emergency procedures, employee
training, site closure and post-closure procedures, and groundwater
and leachate monitoring (Lehman

1981).

Although strictly enforced, the EPA provides exceptions or
"notes" (Lehman

1981) associated with certain standards which

describe the circumstances allowing deviation from that standard.
These notes generally apply to those operations which have
demonstrated that an alternate process or existing natural
condition at the disposal site can achieve an equivalent degree of
containment, destruction, or environmental protection as required
by the regulations.
The EPA has established financial requirements of the
applicant to ensure that fllllds
treatment, storage

and

will · be available for closure of

disposal facilities, and for post-closure

monitoring and maintenance at disposal facilities (Federal Register
1980).

Typically,

the facility

is required to create a
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trust ftmd during the operational life of the facility to cover
the costs of:

(1) closure and post-closure monitoring, (2)

maintenance and (3) liability insurance for potential claims which
may occur during operation (Dietrich

1980).

Delis ting
In the past, solid - residues generated from metal finishing
processes were disposed of at either mtmicipal landfills or at sites
located on the generator's property.

Since this could be done simply

and at low cost, little attention was directed to long-term
management alternatives.

However, with the advent of RCRA and the

promulgation of pre- and post-treatment standards, proper treatment,
handling and disposal of heavy metal wastes became a major
consideration for metal finishing operations.
Currently, provisions are available to have a listed waste
declared non-hazardous, and avoid certain regulatory requirements.
Two alternatives are available.

One is to reduce the amol.lllt of

sludge generated per month, and the other is to delist the waste.
If the generator can demonstrate that less than 220 lbs/
100nth (as of 1984) of hazardous waste is produced, then requirements
regarding record keeping, reporting and manifests are waived.
However, the waste must still be disposed of in either a federal
or state approve.d hazardous was·te s ·ite (EPA 1983).
I

.
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Those generators of more than 220 lbs/month of hazardous waste
may also seek exclusion from RCRA through a procedure called
delisting.

To obtain such an exclusion, proof is required that the

sludge does not leach hazardous substances at harmful concentrations
into the groundwater.

The waste must be subjected to the Extraction

Procedure Toxicity Test to establish leaching characteristics.
This test is designed to simulate the aggressive leaching that occurs
in a municipal co-disposal landfill (i.e., pH= 5 under anoxic
conditions).

The waste is considered hazardous if the leachate

contains concentrations of contaminants 100 times greater than the
National Interim Primary Drinking Water Standards (NIPDWS).

The

leachate must not exceed the limits noted in Table 7 to obtain
delisted status.

Nickel is not included in the table below, however

· the EPA is using a leachate concentration of 20 ppm as an interim
guideline for evaluating delisting petitions (Federal Register 1980).
Although preparation of a delisting petition requires
sampling and analysis as well as documentation and possible process
changes, long-term benefits in the form of reduced regulatory
100nitoring and disposal costs can be realized (albeit, the generator's
liability towards handling and disposal remains the same).
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TABLE 7
EXTRACTION PROCEDURE TOXICITY LIMITS

Maximum
Concentration
(m /1

Containinant
Arsenic

5

Barium

100
1

Cadmium

6

Chromium (Cr+ )

5

Lead

5

0.2

Mercury
Selenium

1

Silver

5

SOURCE:

US EPA (1980).

CHAPTER III
PROCESS .AND LITERATURE REVIEW
This chapter will first consider the electroplating industry
and the various metal-laden sludges generated as a result of the
conventional wastewater treatment practices.

The leaching

potential of these sludges will then be evaluated via a brief
literature· review.

Finally, the potential of a clay (montmorillonite)

to attenuate heavy metal concentrations in landfill leachate will
be presented.
The Electroplating Process
In electroplating, metal ions in either acid, alkaline or
neutral solutions are reduced on cathodic surfaces.
surfaces are the work pieces being plated.

The cathodic

The metal ions in

solution are usually replenished by the dissolution of metal from
anodes or small pieces contained in inert wire or metal baskets
(Lowenheim and Frederick

1978).

These electroplating baths contain metal salts, acids,
alkalies, and various bath control compounds.

All of these materials

contribute to the wastewater stream either through part dragout,
hatch dumps, floor spills. or rinsing operations (see Figure 2).
I
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Work flow

Product

Stripping and
cleaning solutions
(F009)

Plating bath
(FOOS , F007)

Rinse water

Wastewater treatment

EPA hazardous
w aste no.

F006
F007
FOOS
F009

Hazardous waste
Wastew!ttef lreatment sludge
from electroplating operations
Spent plating solutions
Spent plating bath and sludges
from bottom of bath
Spent stripping and cleaning
solutions

Hazard code
Toxic
Reactive, toxic
Reactive. toxic
Reactive. toxic

SOURCE: U . S. Environmental Protection Agency. "Hazardous Waste Management System:
Identification and Listing of Hazardous Waste, " Federal Register 45(98):33123. May 19.
1980.

Fig. 2.

Hazardous wastes from electroplating operations.
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These streams are eventually collected and treated for removal of
the organic and inorganic contaminants present in them, with the
generation of a metal-bearing sludge as a typical by-product.
Wastewater Treatment
The most common method employed in removing the inorganic
heavy metals present in these waste streams is chemical precipitation.
Metal solubilities are a function of (1) pH levels, (2) the insoluble
salt that has been formed (e.g., hydroxide, carbonate, sulfide,
etc.), and (3) the presence of complexing agents such as annnonia,
citric acid, EDTA, etc.
The traditional precipitation method utilized is addition of
an alkali (e.g., lime or caustic soda).

The reagents raise the pH

of the wastewater to the point where the solubilities of the metals
are reduced, with formation of metal hydroxide precipitates.
Removal of these solids is achieved via flocculation, clarification
and/or filtration.
This treatment process can result in low residuals (ppb range
under ideal conditions) , however certain process limitations must
be recognized (Lanouette 1977):
1.

Some metals are amphoteric over a narrow pH range.
Therefore, when two or more metals are present in
' the same waste stream, the optimum pH for precipitation
may be different for each ion, resulting in incomplete
removal potentials. Figure 3 shows the theoretical
minimum solubilities and amphoteric nature of eight
metals.
It should be noted, however, that in practice,
significant deviations from theoretical thermodynamic
relations may exist due to coprecipitation.

0.0001

L-------...L..--~..+---L--------..__

6

7

8

9

______...__________________

10

II

pH

·Fig •.· 3.· ·S oltlbi-lities ·' of metal hydroxides as a ftmction of pH
(Lanoutte 1977).
.
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2.

Hydroxide precipitates tend to resolubilize if the
solution pH is increased or decreased from their
minimum solubility points. Hence, a narrow pH range
must be controlled.

3.

The presence of complexing agents may inhibit
precipitation.

4.

Hydroxide precipitates de-water poorly compared to
sulfide precipitates.

Another chemical reagent used to treat electroplating
wastewater is the sulfide anion.

Sodium hydrogen sulfide (NaHS)

or soluble sulfide salts such as sodium sulfide (NaS) have been
de100nstrated to be an effective alternative to hydroxide precipitation
(Whang

et al.

1981).

The high reactivity of sulfides (S, HS) and

the insolubility of heavy metal sulfides over a broad pH range make
sulfide precipitation attractive.

A comparison of metal hydroxide

and sulfide solubilities is provided in Figure 4.

Sulfide

precipitation can achieve lower metal solubilities in the presence
of complexing agents than hydroxide precipitation.
Currently, there are two processes employed to precipitate
metals as sulfides:

the soluble and the insoluble sulfide process.

The soluble sulfide precipitation (SSP) process involves a watersoluble sulfide compotmd (NaHS), which achieves a high concentration
of dissolved sulfide.
(Branter and Cichon

Cation removal is usually 90 to 95% complete
1981; Higgins and Sater

distinct disadvantages are observed: ·

1984).

However, two

(1) rapid precipita~ion

results in the formation of small and hydrated colloidal particles
which settle poorly and (2) at lower pH's (below 6), toxic hydrogen
' sulfide gas may form.
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10 1
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CdCOH) 2

10-3
10-4

••••

10-7

CdS

••••
••••
••

10-9

10-10
10-11

- - - · METAL HYDROXIDE
• • • • METAL SULFIDE

~

••

4 Ag 2 S
10-13 _ _ _ _ _ _ _ _ _ _ _ ___.__.....__...._....___...
___
2

3

4

5

6

7

8

9

10

11

12

13

pH.

Fig. 4.
Solubilities of metal .hydroxides and sulfides as a
function of pH (EPA 1980).
I
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An alternative sulfide precipitation process is referred to
as insoluble sulfide precipitation (ISP).

Metal sulfides are

formed following the introduction of a ferrous sulfide slurry
(prepared by reacting Feso

and NaHS). The FeS dissociates into

4

ferrous ions and sulfide ions.

As sulfide ions are consumed,

additional FeS dissociates to maintain the equilibrium concentration.
In alkaline conditions, the ferrous ions precipitate as ferrous
hydroxides.

A greater quantity of sludge is created compared to

the SSP or hydroxide process, but the hazard of forming hydrogen
sulfide gas is eliminated.

For sulfide precipitation, two to

four times the stoichiometric amot.mt of reagent is required to
assure complete reaction (no further complexation of cations).

Sludge Disposal
Once settled, thickened and dewatered, the resulting sludge
must be disposed of in accordance with regulatory guidelines.
Sludge handling and disposal costs normally depend heavily on
sludge volume.

The high cost of disposal provides a strong

incentive to have the waste declared non-hazardous.
As previously discussed,

the EPA provides the generator the

opportunity to have this waste declared non-hazardous.

One

requi.r ement, the EP Toxicity Test, considers the leaching
characteristics of a sludge.
I

The test attempts to simulate the

aggressive leaching conditions which a sludge might l.llldergo once
buried within a landfill.

Bench and in situ studies have been
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performed to determine the leaching characteristics of both metal
hydroxide and metal sulfide sludges.

A brief literature review

regarding these studies is presented here.
Literature Review
Whang and Yotmg (1982) performed extraction tests on actual
electroplating sludges and found heavy metal leaching rates to be
negligible for both hydroxide and sulfide-based sludges (see Table
8).

The concentrations are presented on a mass basis, therefore,

no comparison can be made with delisting limits.

However, the

study concluded that a metal-sulfide sludge was three times less
subject to leaching under the EP Toxicity environment as compared
to a hydroxide sludge.
Higgins and Sater (1984) performed extraction tests on a
synthetically generated sulfide sludge (via the ISP process) and
fotmd that cadmium extract concentrations ranged from 12.5 to 55
mg/l (compared with a 1 mg/l limit), and nickel ranged from 4 to
370 mg/l (tentative limit of 20 mg/l).

Also; lime conditioning of

the sludges preceding extraction was performed.

Cadmium and nickel

extractability decreased with increasing lime doses, while
chromium increased.

However, leachate concentration of all the

metals exceeded criteria for delisting in all cases.
Two separate stuqies examined the actual presence and
effects of heavy metals in the environment.

Cope et al. (1983)
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Leached
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COMPARISON OF LEACHABILITY OF HYDROXIDE AND SULFIDE SLUDGES

TABLE 8
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presented data from a study done by Towhill, Shuckrow and
Associates, Inc.

(1980).

sites was performed, and

A sampling of 30 hazardous waste disposal
the leachate anal.vzed for their five

heavy metals (see Table 9).

TABLE 9

HEAVY METAL CONCENTRATION RANGES
FROM HAZARDOUS WASTE SITES

II of sites

Cation

ppb

Cd

5-8,200

6

Cu

1-16,000

9

Ni

20-48,000

4

Pb

1-19,000

6

Zn*

*

100-·240 ,000

reported

9

Taken from Geraghty and Miller (1977)

The upper limit concentrations . are potentially harmful.
However, the study concluded that these val.ues are to be expected
within a hazardous waste site, and as long as the integrity of
the containment barriers remain intact, there should be little
contamination of outside
sources.
I
Pawlak (1982) presents data comparing the leaching capacity
of synthetic metal sulfide and a metal. hydroxide sludge.

A solution
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containing 20 mg/l of each metal was used for each test.

Table

10 shows extract concentrations following the EP Toxicity Test.

TABLE 10
EXTRACT LEVELS (mg/l)

Element

EPA
Proposed
Limits

Cadmium

1
NPL*

Copper
Lead

5

Nickel

Hydroxide

0.02

1000

0.03

259

0.20

55
33

35

20

o. 36

NPL

Zinc

Sulfide

1475

*NPL = no prescribed limit

The sulfide sludge displayed much better leaching integrity.
Also, no odor of hydrogen sulfide was detected.

It was

suggested

that both sludges be disposed of in a secure landfill.
Meredith, McCarthy and Procko (1981) evaluated sludge leaching
characteristics from 12 metal finishing plants.

Sodium hydroxide

(NaOH), along with soda ash (Na co ) aIJ.d lime (CaO) were the
2 3
precipitating chemicals.
I

Before the EP Test, all sludges· were

eluted with deionized water in order to identify the amount of metal
present in the interstitial water.

Upon testing, all 12 plant

sludges failed the EP Test and were, consequently, labeled hazardous.
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Leachate Control Via Montmorillonite
Leachate within a landfill is usually contained on-site by
the natural hydrogeological topography or through the use of a
man-made facility.

Hydrogeological characteristics affecting

leachate movement are primarily the hydraulic conductivity of
the underlying strata and the depth to usable groundwater (EPA
1978).
Contaminants within a leachate can be attenuated when passing
through a soil by either physical-chemical, mechanical, and/or
biological processes.
performed include:

The mechanism by which these processes are

filtration, ion exchange, adsorption, chemical

precipitation, biodegradation and complexation.

The extent to

which these mechanisms are operative are affected by soil grain
size, organic content, cation exchange capacity, pH, and lime
content (Sittig 1979).
Clay is a mineral which can act not only to contain a leachate
but also to attenuate certain contaminants present within the
leachate.

A secondary mineral formed from the weathering residues

of primary minerals, clay is generally characterized by large
surface areas and colloidal grain size.

Clays are normally the

m:>st physically active component of the soil with respect to
attenuation of pollutants (Cope, Fuller and Willets

1983).
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Montmorillonite (Al si o (0H) x H o) is a secondary
2 4 10
2
2
aluminosilicate.

Aluminosilicates play an important role in soil

attenuation of metal ions in solution because of their
characteristic

great surface area as clay particles.

The comp6sition of montmorillonite deviates from the ideal
formula through substitution of elements (cations of lower valence)
into the clay mineral structure.

This results in a net negative

charge within the crystal lattice, and accot.m.ts for the attraction
of common cations (Ca, Mg, Na, K, Al and H) to clay surfaces.

This

isomorphic substitution explains the cation exchange properties
of the material.
The cation exchange capacity (CEC) of a mineral is a measurement
of the tendency to exchange cations present within the mineral with
cations present within the surrounding liquid.

CEC is usually

expressed in terms of milliequivalents of exchange capacity per
100 grams of material (meq/100 g) and is determined at a pH of 7.
Studies have indicated that the CEC of clay varies directly
with pH (Keramida and Etzel 1979).

Exchange on the edge of the

mineral particles can take place quickly, but penetration between
the sheets of the clay takes more time.

Since cation exchange

is primarily a surface reaction, the overall rate may be limited
by the rate of ion diffusion to the p·a rticle surface.
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In addition to CEC, there are other factors which may alter
trace-element movement through the soil.

Fuller and Korte (1976)

identify the more important characteristics as:
1.

aeration:

anoxic, waterlogged or reduced conditions

2.

particle size distribution:

3.

permeability:

4.

pH values:

5.

lime:

6.

iron, aluminum and manganese hydroxy oxides: high
concentration or state of reactivity may
affect metal solubility

7.

organic matter and organic soils: heavy metals may
complex with organics reducing solubility
or mobility (however, the formation of
certain organo-metal-ion complexes may
result in higher mobility)

8.

high specific salt concentrations:
may be salt dependent

texture or clay content

or pore size distribution as it may
influence flux of the soil solution

a potential pollutant's solubility may
be affected by the soil's pH

presence of natural lime may affect pH stability

trace element

Wang and Nacci (1978) studied the mechanism of movement of
trace metals in soils with percolating water.
affecting metal ion movement in soil included:

The parameters
soil texture, type

and content of clay mineral, metal ion, hydraulic conditions,
temperature and acidity.

The adsorption ability of the soils

(montmorillonite included) proved to be related to such physical
properties as percent 1of clay size, plasticity index and the
cation exchange capacity.
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Another study performed by Loch, Lagas and Haring (1981)
addressed the effects which fatty acids within a co-disposal
landfill leachate might have on the mobility of lead, copper,
nickel and zinc.

Under anaerobic conditions, organic waste in a

landfill is converted to volatile fatty acids.

These acids may

set off a series of reactions with a resulting potential to (1)
lower the pH of the leachate, (2) resolubilize heavy metals subject
to this pH condition, (3) form organic complexes with those
metal ions and (4) create a condition where the metal could be
transported through the soil via this fatty acid medimn.

It is

a landfill condition like this which the EPA's Extraction Procedure
Test attempts to ·simulate.
In a landfill, production of fatty acids can last from 1/2
to 7 years (Hoeks

1978)~

to methane dominates.

after which breakdown of these acids

At the same time, however, a metal-

retaining process may also occur within the soil with the production
of sulfides from sulfate reducing bacteria (Postgate

1979).

In the Loch, et al. analysis, a mixture of sand and clay (no
type given; CEC = 16 meq/100 g) and two synthetically generated
leachates (one with fatty acids, one without) were prepared.
Column studies were performed for 7 months.

Analysis of the

percolated leachate revealed that all four metals were attenuated
by the clay-sand mixture.

The rate of attenuation went as follows:

fine clay-sand > aggregate clay-sand > sand.

This order was noted
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whether fatty acids were present or not, although the degree of
attenuation was reduced when the fatty acids were supplied.
An investigation undertaken by Griffin

et al. (1976)

assessed the potential use of clay as a liner for sanitary landfills.
Column studies were performed using different clay mixtures.
anaerobic flow of refuse from the Du Page Cotmty,

Illinoi~

An

landfill

was the source of the contaminants.
Of the three clays tested, attenuating capacity was ranked as
follows:

montmorillonite > illite > kaolinite.

Typical chemical

characteristics of montmorillonite presented by this study are given
in Table 11.

TABLE 11
CHARACTERISTICS OF MONTMORILLONITE

Element

Concentration
(ppm)

Element

Concentration
(oom)

Calcium

22' 300

Lead

< 15

Magnesium

25,500

Cadmium

<3.0

Sodium
Potassium

178
1,100

Ammonium
Iron

Boron

3.0

Silicon

25,500

Total Carbon (%):
Organic Carbon (%):
Inorganic Carbon (%):
CEC (meq/100 g):
Surface Area (m2/g):

40

Aluminum

38

Manganese

Zinc

Titanium

25
0.93
0.92
0.01
79.5
86.0

95,600
284,800
1,300
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Based on leachate concentrations, montmorillonite attenuated
pollutants approximately four times more than illite and five times
more than kaolinite.

These ratios correlated with the cation

exchange capacity ratios for the three clays.

However, the ratios

of the surface area of montmorillonite to the surface areas of
illite and kaolinite were 1.3 and 2.5, respectively.

Therefore,

attenuation may not be a result of surface area as much as a
ftlllction of cation exchange capacity.
With regards to the five target metals used in this study,
lead exhibited the highest degree · of attenuation, followed by zinc
and cadmium.

Copper and nickel were present in such low

concentrations that no attenuation order could be determined.
Griffin also eluted leachate through sand only columns with
no cation exchange capacity and found a marked reduction in
effluent concentrations of Pb, Zn and Cd.

Since sand has no cation

exchange capacity, a filtration and/or precipitation mechanism
was cited as the cause for removal.

The average pH of the influent

leachate was 6.9, while the average pH
7.3 to 7.9.

r~ge

of the effluent was

The author attributed the pH increase to the anaerobic

fermentation of the organics.
Loch also analyzed the behavior of eight hazardous metals
(including Pb, Cd, Zn and Cu) within both synthetic and natural
I

solution matrices.

Testing showed that the amotlllt of heavy metal

adsorbed by montmorillonite was about 70% to 80% less from a natural
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leachate than from a synthetic aqueous solution.

This may lend

credence to the conclusion that metal ions from a natural landfill
leachate tend to migrate further than those ions from a
synthetically generated metal solution (Griffin

et al.

1976),

and that synthetically generated sludges and leachate may not
accurately predict actual landfill 1eachate conditions.
Again, pH was the factor correlating best with removal
of these metals.

Cu, Cd, Pb and Zn all showed marked increases in

adsorption when the pH was increased from 2 to 6.

However, at pH

values which precluded precipitation, the clay's cation exchange
capacity correlated best with cation removal rates.

The study

concluded that the three most important factors affecting leachate
migration through solid waste landfills were (1) pH of the solution,
(2) CEC of the clay or soil and (3) the ionic composition of the
solution matrix.
Elliot and Liberati (1981) investigated the pH-dependence
of cadmium adsorption on surf ace and subsurface samples from eight
northeastern U.S. soils.

The EPA bases cadmium application to

agricultural soils on the pH and CEC of the soil (EPA 1979).
A pH-dependence was documented for all the soils.

The extend of

cadmium adsorption was least at low pH values (4-5), with nearly

100% rerooval in the neutral range.

Adsorption leveled off or

I

diminished slightly tmder more alkaline conditions (pH range of

8-9).

The amount of clay present in the soil was viewed as the
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most important component influencing cadmium retention.

However,

there was no strong correlation between Cd uptake and soil CEC.
Elliot and Liberti concluded that the importance of CEC may be
overstated and that a knowledge of the clay mineralogy in conjunction
with pH may be more reliable than CEC as a guide to predicting the
heavy metal retention by soils.
Fuller and Korte (1976) prepared an artificial leachate and
eluted it through various s-oi.l

columns under anaerobic conditions.

Results showed that the particle size distribution (texture) played
a dominant role in attenuating trace metals.

In general, those

soils which exhibited the highest percentage of clay-sized particles
and free iron-oxides innnobilized the most heavy metals.

The pH

was also considered an important attenuating factor, but not as
significant.

On the other hand, those factors which were fotmd to

be unimportant in attenuation were:
1.

sand content

2.

cation exchange capacity

3.

soil organic matter

Cation exchange capacity usually did not correlate significantly
with trace element migration.

Where CEC did seem to correlate,

the factors of percentage clay, percentage FeO and pH all seemed
to provide a better correlation.

Fuller and Korte concluded that

I

CEC seemed to be a transitory mechanism.

The clay retained metals for

I

only a short period of time (no value provided), rendering trace
elements to a highly migratory state.
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The relative mobility of the eleven trace elements were as
follows:
1.

most generally mobile:

2.

least generally mobile:

3.

mobility varies with conditions:

Of the eleven different

Cr, Hg, Ni

s~il

Pb, Cu

As, Be, Cd, Se, V and Zn

types tested, the Molokai (an

Oxisol from Hawaii) and the Davidson (an Ultisol from North Carolina)
soils were most effective in reducing metal mobility.

Both soils

were high in kaolinite clay content, 52 and 61 percent, respectively,
and contained large amounts of extractable "free iron oxides."
The soils containing montmorillonite were effective but not to the
same degree.
In conclusion, all five studies support the finding that
montmorillonite does attenuate movement of heavy metal cations.
However, the degree of attenuation and the mechanisms responsible
for metal removal is unclear.

Cation exchange capacity has been

questioned as to its significance in correlation with movement of
metals from cation solutions.

Of the five studies presented here,

the dominant factors affecting cation attenuation would seem to be
the soil type and leachate pH.

CHAPTER IV
METHOD AND MATERIALS
This chapter discusses the materials, instruments and
procedures used in performing this research.

A description of

the sludge generation and clay studies, the EP Toxicity Tests,
and the metal analysis procedure is provided.

Precipitation Studies
Sludge generation required a raw wastewater matrix which could
(1) be treated to concentrations meeting BPT (Best Practical
Technology)

effluent requirements and (2) produce the required

amount of sludge in a practical manner.

Preparation of this metal

matrix was performed using standard stock solutions of aqueous
(1 g/l) metal cations.
The matrix composition was based on a comprehensive industry
survey (EPA

1984).

The highest raw waste concentrations of each

cation reported in the survey was selected to minimize the liquid
volume required to produce a sufficient amount of sludge.

Table 12

shows the field value and the concentrations actually used when
performing the lab work.
Prior to each prrcipitation study, jar tests were performed
to define the amount of sludge produced per liter of raw wastewater
matrix treated.

A one liter volume of metal matrix was dosed with
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TABLE 12
RAW WASTEWATER CHARACTERISTICS

Element

Source

Cd

CdC1

Cu

Cuso

Pb
Ni
Zn

2

Industry Value
(mg/l)

Laboratory Value
(mg/l)

1.88

2.00

108

110

9.7

10.0

167

170

175

175

4
Pb(N0 )
3 2
Ni(N0 )
3 2
Zn(N0 )
3 2

a stoichiometric amount of reagent.

The precipitate generated was

then thickened, centrifuged and weighed.

Once a ratio of the sludge

produced per liter of raw wastewater treated was obtained, the
required volume of matrix necessary to generate 100 grams of sludge
could be established.

However, as a precaution, two or three liters

100re than the calculated amount were always prepared.
All three precipitation tests were performed in a five-gallon
plastic bucket.

A known volume of matrix, representing a known

mass of each metal, was poured into the bucket.
with a stir plate.

The initial pH of the solution was determined

using a Corning Model 12 Research pH Meter.
three tests vary.

Mixing was provided

From this point, the

\s
Hydroxide Precipitation
A two molar NaOH solution was used as the precipitation
reagent for the hydroxide sludge.

Initially, a titration was

performed so that a relationship between NaOH volume and solution
pH could be determined.

Once this was accomplished, the remaining

hydroxide additions were made

~ith

nalgene graduated cylinders.

In the hydroxide test, an optimum pH (10) was selected because
of the relatively low solubility which all five metals theoretically
exhibited at this pH (see Figure 3).

Once the pH reached 10,

mixing was slowed for 10 to 15 minutes to allow for flocculation.
Stirring was subsequently discontinued and a quiescent condition
was created.

Settling lasted anywhere from 3 to 18 hours in length.

A filtered sample of the supernatent was obtained using a
standard vacuum apparatus and a 0.45 µm metricel membrane filter
(47 mm diameter, type GA-6).

From 50 to 250 mls of each sample

was collected, stored in a 250 ml brown nalgene bottle, and
refrigerated · at 4.8° (+ 0.5°)

c.

Following filtration, the remaining supernatent within the
five-gallon bucket was decanted making sure that no solids were
lost.

The remaining sludge solution was centrifuged in 125 ml

plastic bottles at 3000 rpm for 5 minutes.

The sludge was weighed

and either refrigerated for future u6e or transferred to the
I

.

extraction procedure test vessel.

A total of four replicates was

performed, three for the extraction procedure test and one for the
clay/hydroxide analysis.
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Soluble Sulfide Precipitation
The reagent used in this test was a two molar (74%) solution
of NaHS • H2 o.

In order to approximate the reagent dosage, a

stoichiometric relationship was employed (1:1 metal cation to
sodium hydrogen sulfide molar ratio).

The sum of the moles of

soluble sulfide required to treat all five metals was calculated
and then multiplied by a factor of 1.5 (EPA
assure complete reaction.

1980) in order to

The pH of the matrix was raised to 10

prior to NaHS addition to prevent the formation of hydrogen sulfide
gas.
Mixing and flocculation procedures were similar to the
hydroxide test.

In order to assure complete transformation of

metals from hydroxides to sulfides, an extended mixing period of
24 hours was established.

A cover was placed over the bucket to

minimize oxidation potential.
Upon completion of mixing and flocculation, quiescent conditions
resulted in negligible settling.
determine an optimum settling pH.
as a coagulating agent.
performance.

Jar tests were performed to
A 48% solution of alum was used

A pH of 6 provided the best settling

Filtration, decanting, centrifugation and filtrate

storage was carried out in a similar manner as the hydroxide test.
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Insoluble Sulfide Precipitation
In this study, a liquid solution, ferrous sulfide, Fe&, was
used as the precipitating reagent.

Preparation of this reagent

required the reaction of ferrous sulfate and sodium hydrogen sulfide:

(1)

The number of moles required per liter of matrix was calculated
stoichiometrically, then increased by a factor of three to insure
complete reaction (EPA 1980).

The pH was raised to 10 prior to FeS

addition to avoid hydrogen sulfide formation.

Mixing was provided

for 24 hours and a cover was placed over the bucket to minimize
oxidation.
around 6.0.

Settling progressed smoothly as long as the pH remained
Periodic adjustment of the pH assured the consistency

of this parameter.

Solids Analysis
The three sludges were tested for solids content via Standard
Methods (14th edition) procedure for gravimetric analysis (208A
total residue dried at 103-105° C).

One replicate was performed

for each sludge-type.

Clay Studies
The clay chosen for this research was a locally available
aluminosilicate, montmdrillonite.

A review of the literature

I

(see Chapter III) indicates that montmorillonite may exhibit good
c~tion

attenuation capacity based on similar experimentation.
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The clay was obtained from a working phosphate mining
operation at Bartow, Florida.

A hydrometer and percent solids

test was performed on a sample of the clay prior to testing.
Results of the hydrometer test appear in Appendix A.
In order to obtain a clear understanding of the degree of
cation removal which montmoril1onite exhibits, jar tests were
performed using various amounts of clay with a constant volume of
metal matrix solution.

Equilibrium relationships between metal

adsorbed per mass of clay and liquid phase concentration were
developed from this study·.

A clay dose relevant to the research
A ratio of 25 grams clay to 100

objective was then selected.

grams sludge was chosen so that an analyzable residual concentration
would remain in the filtrate.
Five one-liter nalgene beakers were first filled with one liter
of raw wastewater solution.
liter of deionized water.
added to each beaker:

A sixth beaker was charged with one
The following amounts of clay were then

5, 10, 50, 100 and two with 200 grams.

The deionized water beaker was filled with 200 grams of clay in
order to discern if any metals were eluted from the clay mass.
The mixtures .were agitated with a multiple paddle stirrer for 24
hours.

Following mixing, the samples were allowed to settle (the

SSP slurry required alum to induce ·settling).
filtered through a

o

1
•

The supernatents were

45 µm membrane filter and the filtrates were
I

refrigerated in 250 ml brown nalgene containers prior to metals
analysis;
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Extraction Procedure Toxicity Test
Upon completion of centrifugation, the leaching capacity of
each sludge was determined using the EP Toxocity Test.

In accordance

with test methods described in the Federal Register, Volume 45,
Number 98 (1980),

Appendix B, a solid waste is determined

to be toxic if the extract from a representative sample of the
waste contains concentrations equal to or greater than those listed
in Table 7.
In the test, 100 grams (dry weight) of centrifuged sludge
was first placed into an acid-washed 5-gallon glass jug with 1600
ml of deionized water.

The jug was placed on a shaker table and

agitated for 24 hours.

The pH was periodically monitored to maintain

a pH range of 4.8 to 5.2.
addition:
4.8.

Any deviation was corrected by acid/base

0.5 N acetic acid if pH above 5.2, 2 M NaOH if below

No further liquid supplementation was practiced if the total

amotm.t of acid or base reached the equivalent o-f 4 ml per gram of
solids.

At the end of 24 hours, agitation _w as halted and deionized

water was added in accordance to the following equation, to produce
a final liquid volume of:

V

=

(20 x W) - (16 x W) - A

where:

v

I

= ml of deionized water to be added

w=

I

weight of solids present at start of test (grams)

A = ml of acid or base added during test

(2)
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Following agitation, an aliquot of EP slurry was vacuum
filtered through a 0.45 µm membrane filter pad.

The resulting

filtrate was placed into a 250 ml brown nalgene bottle and
refrigerated at 4.8° C until subsequent metal analysis was
performed.
Extraction procedure studies were also carried out using a
mixture of clay and metal sludge.

Twenty-five grams of dessicated

and powdered clay was mixed with 100 grams of sludge.

Extraction

procedure testing was performed in the same manner as described
for the sludge extraction tests.
The five target metals (Cd, Cu, Pb, Ni and Zn) within the
precipitation and EP test filtrates were analyzed using an SM!
Spectraspan III Plasma Emission Spectrophotometer.

All the samples

were acidified with 2 mls of nitric acid prior to analysis.
The plasma emission spectrophotometer was "peaked" on the
nickel channel using a 100 mg/l nickel peaking solution.

Once

peaked, autoranging was performed using a high (10 ppm) and a low
(blank) standard.
dilution.

Any metal concentration above 10 ppm required

The analytical sequence was as follows:

10 ppm standard,

blank, six trace metal samples, 10 ppm standard, blank.

A check

of the standard every six samples provided evidence relative to
the instrument's potential to drift. · Drift corrections were applied
I

to all data using a computer program.
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The analytical variance was periodically checked through
replicate analysis of the same sample.

The analytical accuracy was

evaluated via analysis of spiked samples.

Testing for analytical

accuracy involved the introduction of enough metal to both a
blank and a selected sample in an attempt to double or triple the
concentration present.

Each metal was spiked separately.

of these tests appear in Appendix C.

Results

CHAPTER V
RESULTS AND DISCUSSION

Precipitation Studies
This phase of the research program analyzed metal removal
efficiencies of three reagents, one hydroxide (NaOH) and two types of
sulfides (NaHS and FeS).

The objective was to produce a sludge

for subsequent testing, and to attain residual concentrations in
compliance with EPA regulations.

The solids content of each

sludge was also analyzed.

Filtrate Concentrations and Metal Removal Rates
Generation of the required sludge involved treating a
selected raw wastewater matrix (Table 12).

Table 13 summarizes

the average (two replicates) filtrate concentrations of the raw
wastewater matrix following treatment with each respective
precipitating reagent.

The effluent limitations concentrations

allowed under the EPA's Pretreatment Standards for Existing
Sources

(EPA 1983) are also noted.

The average concentrations reported were based on the original
volume of wastewater prepared.

Therefore, the addition of any

precipitating reagents served to increase the total volume, thus
diluting the metal concentration.
concentr~tions

Adjustments of these

were necessary to account for dilution.
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The hydroxide

53

TABLE 13
METAL FILTRATE CONCENTRATIONS RESULTING FROM HYDROXIDE,
INSOLUBLE SULFIDE AND SOLUBLE SULFIDE TREATMENT

Initial Raw
Wastewater
Matrix
(mg/l)

Element

Effluent
Filtrate Concentrations
(mg/l)
OH
SS
IS

BPT*
(mg/l)

Max.
30 Day
Avg.
(mg/l)

Cd

2

<0.01

<0.01

o.oo

0.69

0.26

Zn

17

0.14

0.04

0.20

2.61

1.48

Cu

110

0.01

0.11

0.00

3.38

2.07

Pb

10

0.03

0.07

0.06

0.69

0.43

Ni

17

O.ll

0.78

1. 70

3. 98

2.38

* BPT:

Best practicable technology (EPA, 1983)

test reagent (NaOH addition) comprised less than 1% of the total
volume prepared.

The SSP and ISP reagent additions averaged 8%

and 11%, respectively.

The SSP test required pH adjustment (NaOH),

excess sulfide (1.5 times the stoichiometric amount), and a
coagulant (alum) to aid in settling.

The ISP test did not require

a settling agent, but pH adjustment and excess sulfide addition
(three times the stoichiometric amount) was practiced.

In all

three cases, reagent dosing was performed at a pH of ten.
Sodium hydroxide, sodium hydrogen sulfide and ferrous sulfide
all proved to be su1cessful in removing heavy metal cations from
solution.

1

All three reagent1s averaged 99% removal capacity for all

five metals.

The resulting concentrations were below PSES limits.

54

Solids Content
A representative sample of centrifuged sludge was analyzed for
solids content for each treatment.
Hydroxide:

3.63%; SSP:

The results were as follows:
7.00%; ISP:

11.8%

All three sludges were gelatinous in nature.

The two

metal-sulfide sludges exhibited higher solids content than the
metal-hydroxide sludge.

Addition of an alum coagulant was

necessary to facilitate settling and dewatering of the soluble
sulfide slurry.
Extraction Procedure Filtrate
To define metal leaching characteristics, the centrifuged
sludges were subjected to the extraction procedure (EP) toxicity
test.

The average heavy metal concentrations detected in the

extraction procedure filtrate are presented in Table 14.
The resistance to leaching was poor, with all three sludges
failing to meet .delisting limitations for all five metals.

The

ISP sludge exhibited the lowest propensity to leach target metal
cations.

The SSP sludge was next, followed by the hydroxide sludge.

The insoluble sulfide sludge showed extract concentrations which
were below prescribed limits for two of the three metals
regulated.

However, in accordance with RCRA guidelines, this

sludge would be labeled hazardous, due to the unacceptable nickel
concentration.

Therefore, ultimate disposal of this sludge would

have to be in a secure landfill.
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TABLE 14
EP FILTRATE

OH

Element
Cd

303

Cu

167

Pb

2

1.98

275

ISP

3

Reg. Limit

NVP 5

0.01

<0.01

NVP5

2.03

0.08

50.9

4

LO

0.94
52.8

44.1

76.7

Ni

1.
2.
3.
4.
5.
6.

SSP

4.02

Zn

NOTE:

1

5.0
20.06

55.8

All values reported in mg/l

Average of four replicates
Average of three replicates
Average of three replicates
CFR (33122, May 19, 1980)
No value prescribed
Interim limit (Federal Register 1980)

On a metal-by-metal basis, copper and lead leaching rates for
the two sulfide . sludges were minimal, with concentrations compliant
with regulations.

Copper and lead leachate concentrations were

considerably higher £or the hydroxide sludge.
concentrations were abo.ve the limits for all
Cadmium leaching

ch~racteristics

Zinc and nickel
thr~e

sludges.

varied, with one of the three

sludges (ISP) exhibiting an average leachate concentration less
I

than the regulatory limit.
I

Other studies (Whang and Young
McCarthy and Procko

1982; Pawlick

1982; Meredith,

1981) concerning cation leaching rates from
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metal finishing sludges have provided simllar results, showing
hydroxide sludges to be less stable than sulfide sludges under low
pH conditions (pH= 5.0).
With regards to each metal's leaching characteristics, Pawlak
(1982) reported high extract levels of nickel in both sulfide and
hydroxide sludges (35 and 33 mg/l, respectively).

A study conducted

by Fuller and Korte (1976) on the mobility of heavy metals within
certain soils concluded that nickel exhibited the greatest potential
to resolubilize, while lead and copper were the least mobile.
Zinc and cadmium mobility varied with soil conditions.

Clay Study
The clay study consisted of two parts:
clay and metal precipitate EP analysis.

the jar tests and

The objective of this

study was to assess the attenuation capacity of montmorillonite clay
in low pH (5) environments with respect to migration of heavy metal
cations.

Jar Tests
A series of jar tests were performed to define heavy metal
attenuation by montmorillonite.

The concentration of each metal

remaining in the filtrate with respect to the mass dose of clay
(dried and powdered) added is repo.rted in Table 15.
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TABLE 15
METALS REMAINING IN FILTRATE (ppm),
VERSUS MASS OF CLAY DOSE

Element

2.00

Cd
Zn

175

Cu

110
10.0

Pb
Ni

*

Initial
Cone.

170

Clay Dose Mass (gms)
5
2.23
143

100

200

2.21

1.51

0.40

o. 36

87.3

15.9

0.34
150

50

127

22.8

Blank*

10

0.54
138

14.9
0.29
97.9

28.0

22.5

0.04
0.96

0.91

0.88

0.17

<0.01

<0.01

0.08

43.9

36.3

0.72

200 grams of clay in deionized water (pH 7.0)

A progressive decrease in filtrate concentrations as the clay
dose was increased was defined for all metals.

Copper and lead in

particular were adsorbed completely even at low clay mass doses,
with just 10 grams montmorillonite removing 86% of the copper and
nearly 95% of the lead.

Isotherm curves representing rezooval

percentages versus clay mass dose ·a re pre·sented in Figure 5.
The pH of the wastewater prior to clay addition was approximately 3.
Twenty-four hours after the clay was added, the pH ranged from 5.5
to 6.0.
A 200 gram sample of dessicated and powdered clay matrix was
also placed in one 1 1iter of deionized water.

The objective here

was to define leaching of tthe five target metals from the clay in
a neutral pH environment (7.0).

Filtrate analysis revealed
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detectable amounts of all five metals, ranging from 0.04 mg/l of
cadmium to 0.96 mg/l of zinc.
Following the jar tests, the clay sludges were subjected to
the EP toxicity test.

Table 16 presents the degree of extraction

for two replicates on both a mass and concentration basis.

TABLE 16
EP FILTRATE - CLAY REPLICATES

Element
Cd

Original
Mass of Cation
in Clay (mg)
1.2

Metal in
Filtrate
(mg)

Percent
Mass
Leached

Matrix
Cone.
(mg/kg)

EP
Filt.
(ppm)

EP
Limit
(ppm)

0.35

30.4

12

0.18

1.0

Zn

112

8.70

7.4

1120

3.20

NVP

Cu

107

3.33

3.1

1070

1.60

NVP

5.0

Pb

7.5

<0.01

<0.1

75

<0.01

Ni

96.5

9.63

10.3

965

4.80

20

The EP filtrate proved to be in compliance with regulatory
standards.

On a mass basis, copper and lead were the least soluble

of the five target metals.

These two metals were also the least

soluble cations in the extraction studies performed on the three
synthetically generated sludges.
Clay and Metal Precipitation Combinations
The objective of this study was to discern whether or not
montmorillonite could attenuate heavy metal leachate concentrations
in low pH environments.

Upon definition of the cation removal

60
potential of the clay (see Figure 5), a mass dosage of montmorillonite
to be combined with 100 grams of the metal sludge was selected.
Twenty-five grams of clay was chosen for this purpose in hopes that
it would remove those metals present while also providing an
analyzable residual metal concentration.
The generation of 100 gralru? of each test sludge was required
prior to the clay/metal sludge extraction study.

Twenty-five grams

of the dessicated and powdered clay matrix was then added to each
sludge.

Extraction tests were performed on the clay/metal sludge

mixture.

Tables 17 through 19 summarize both the precipitation

and extraction procedure filtrates for each respective sludge.

Two

replicates were performed for both the hydroxide and soluble sulfide
tests.

One replicate was performed for the insoluble sulfide

analysis.

TABLE 17

CLAY AND HYDROXIDE SLUDGE

Element

Precip. Filtrate
(ppm)

EP Filtrate
(ppm)

EP Limits
(ppm)

Cd

~.01

Zn

.05

284

NVP

Cu

<.01

155

NVP

Pb
Ni

.038
I

.008

3.52

10·.5
249

1.0

5.0
20.0
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TABLE 18
CLAY AND SOLUBLE SULFIDE SLUDGE

Element

Precip. Filtrate
(ppm)

EP Filtrate
(ppm)

EP Limits
(ppm)

Cd

<.001

Zn

.838

16.1

NVP

Cu

.457

<.01

NVP

Pb

.083

0.47

5.00

Ni

1.03

2.66

20.5

1.00

20.0

TABLE 19
CLAY AND INSOLUBLE SULFIDE SLUDGE

Element

Precip. Filtrate
(ppm)

Cd

.022

Zn

89.2

EP Filtrate
(ppm)
3.92
64.5

EP Limits
(ppm)
1.00
NVP

Cu

.040

1.11

NVP

Pb

.101

0.25

5.00

Ni

88.5

99.2

20.0
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Sufficient hydroxide sludge was generated for two replicates.
One replicate was performed for the other two sludges.

Two metals

in the insoluble sulfide precipitation filtrate (zinc and nickel)
exhibited very high filtrate concentrations (89.2 and 88.5 mg/l,
Tirl.s was due to an error in charging the two metals

respectively).

during preparation of the raw wastewater matrix.

Ten times the

prescribed amen.mt of each metal was prepared (1750 mg/l of zinc
and 1700 mg/l of nickel).
Table 20 presents the EP filtrate values for clay/sludge
(Tables 17 to 19) and non-clay sludges (Table 13) on a comparative
basis.

Table 21 presents the EP filtrate concentrations of Table

20 as a percent of the original raw wastewater concentrations.

TABLE 20
EP FILTRATE COMPARISONS: SLUDGE VS. CLAY/SLUDGE
LEACHING CHARACTERISTICS

Hydroxide
{mg/l)

Element

s

Cd

C/S

4.02

3.52

Zn

303

284

Cu •

167

155

Pb

Ni

76.7

10.5

275

249
I

s
1.98
44.1

SSP
(mg/l)
C/S

1.03
16.1

s

ISP
(m2/l)
C/S

3.92

0.94

64.5

52.8

0.01

<.01

<0.01

1.11

2.03

.47

0.08

0.25

50.9

20.5

55.8

99.2
I'
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TABLE 21
EP FILTRATE CONCENTRATIONS AS A
PERCENTAGE OF RAW WASTEWATER CONCENTRATIONS

Element

Hydroxide

s

SSP

C/S

Cd

201

176

Zn

173

162

Cu

152

141

Pb

767

Ni

162

5.00
146

.

s
99 .o
25.0
<.100
20.0
30.0

ISP
C/S
52.0

s
47 .o

C/S
196

9.00

30.0

<.100

<1.00

1.00

5.00

<1.00

3.00

12.0

33.0

37.0

58.0

In twu cases, the presence of clay did act to reduce metal
resolubilization.

The hydroxide and soluble sulfide sludges showed

reduced leachate concentrations in the presence of 100nt100rillonite,
but not enough to allow for delisting of either.

Soluble sulfide/

clay sludge extract concentrations came closest to achieving a
delisted status, with lead well below regulatory limits and cadmium
and nickel within 3 and 2.5% of the regulated limits, respectively.
In both cases, lead exhibited the greatest average decrease in
leachate concentrations when in the . presence of montmorillonite
(75.4%).
All five metals within the insoluble sulfide sludge increased
in leachate concentrations in the presence of montmorillonite (as
much as 417% in the case of cadmium).

When exposed to a low pH

environment without any clay, insoluble sulfide sludge was found to
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be the least susceptible to resolubilizing the heavy metals bound
to it.

This difference in leaching behavior is not understood and

no literature could be located citing such a phenomenon.
In conclusion, with or without the clay, delisting of the
three synthetically generated heavy metal sludges was not possible.
However, montmorillonite did reduce extraction concentrations for
two of the three sludges.

On a metal-by-metal basis, lead and copper

exhibited the lowest extraction concentrations while zinc and nickel
displayed the highest EP filtrate concentrations.

CHAPTER VI
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary

A study was conducted involving three types of synthetically
generated heavy metal precipitates containing five heavy metal
cations:

cadmium, copper, lead, nickel and zinc.

The three

precipitates (one hydroxide, two sulfide-based) were dewatered and
subject to an EPA-approved

extraction procedure toxicity test.

Results showed that all three sludges failed to achieve compliance
with EPA-regulated limits.

The sludge generated from an

insoluble sulfide process exhibited the fewest parameters in
violation (lead and cadm:i:um passed, nickel did not, copper and
zinc do not have prescribed limits).

The soluble sulfide sludge

had one metal in compliance (lead) while the hydroxide sludge had
none. ,
On a metal by metal basis, lead and copper showed the highest
potential to withstand resolubilization in a low pH environment.
Lead extraction concentrations from the soluble and insoluble
sulfide sludges were 2.0.3 and 0.08 ppm, respectively.
below the regulated delisting limit of 5.00 ppm.

Both were

Copper does not

currently have a delisting limit, however, EP extraction
concentrations were 0.10 ppm in the

soluble

sulfide sludge test

and less than 0.01 ppm in the insoluble sulfide sludge test.
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Nickel and zinc were present at the highest leachate
concentrations in all three sludges and were never in compliance
with delisting regulations.

Cadmium extraction values varied with

the insoluble sulfide concentration (0.94 ppm) falling under the
regulatory limit (1.00 ppm), while the soluble sulfide and hydroxide
concentrations were above (1.98 and 4.02 ppm, respectively).
In conjunction with this study, a montmorillonite clay was
combined with each sludge type on a mass ratio basis (4:1 sludge
to clay).

Extraction procedure tests were performed on the

clay/sludge matrix to determine if the clay would attenuate the
target metal cations res·olubilized in th.e low pH (5) environment.
Leachate concentrations from the hydroxide and soluble sulfide
sludges decreased slightly in comparison with the non-clay
counterpart.

Four target metals in the hydroxide sludge averaged

8.5% reductions in extract concentrations while the fifth metal,
lead, experienced an 86% decrease in leachate concentration.
However, none of these metals were compliant with federal delisting
regulations.

Four target metals in the soluble sulfide sludge

averaged 62% leachate reductions when comparing sludge to clay/
sludge matrices.

Copper's clay/sludge extraction concentration was

less than 0.01 ppm, hence no percent reduction could be discerned.
Lead, again, exhibited the highe.st percent decrease (77%).
Neither of these clay/sludge matrices achieved a delisted
status upon clay addition.

However, within the soluble sulfide
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sludge, lead was less than the prescribed- 5_,_QO

ppm _ limi~

(0.47 ppm), while cadmium and nickel leachate concentrations were
within 3 and 2.5%, respectively, of the regulatory limits.

Conclusions

As a result of laboratory testing and data analysis, the
following conclusions can be made: with regards to heavy metal
sludge - leaching characteristics under test conditions:
Sludge-Only Extraction Studies
1.

Metal extraction tests performed on three synthetically

generated metal precipitates were found to be hazardous under
regulation listed in CFR 45(98):33122, May 19, 1980.

Therefore,

disposal of these sludges should be in a secure landfill.
2.

Of the five target metals analyzed, lead and copper

exhibited the greatest resistance to resolubilize under low pH (5)
conditions.

Lead extraction concentrations were in compliance

with federal limits for two of the three sludges (both sulfidebased).

Copper currently has no extraction concentration limits,

however for two of the three sludges ·(again, both sulfide-based),
extraction concentrations were 0.01 ppm or less.
Therefore, a generator whose wastewater consists of one or
both of these metals might want to pursue the delisting procedure.
Compliance with

f~deral

regulations would result in reduced

monitoring and possibly lower disposal costs.
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3.

Nickel and zinc exhibited the greatest degree of

resolubilization under low pH conditions.
below delisting limitations.

No extract values fell

Cadmium leachate values were in

compliance for only -one sludge (sulfide-based).

Based on the

results of this research, sludges containing these metals would
probably require disposal in a secure landfill.
Jar Tests and Clay/Sludge Studies
1.

A study was undertaken to analyze the attenuation

potential of montmorillonite clay in the presence of metal cations
(cadmium, copper, lead, nickel and zinc).
accomplished via jar tests.

This analysis was

Results showed that all five metals

were attenuated significantly when sufficient clay was present.
Copper and lead were attenuated at the highest levels, zinc and
nickel at the lowest.
2.

Performing extraction studies on clay/sludge matrices

revealed that two of the three matrices (a hydroxide and a sulfide)
leachates decreased in concentration when compared to the sludgeonly extract values.

However, the presence of the clay did not

bring either matrix into compliance with federal limits.
lead and copper were attenuated to the greatest degree.

Again,
The presence

of clay in lead and copper domin.a nt sludges may act to lower extract
concentrations for both, and possibly provide an opportunity to have

the sludge(s) declared non-hazardous.

Conversely, sludges

predominantly consisting of nickel and/or zinc would require disposal
in a secure landfill.
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Recommendations
The results of this research have suggested that the following
areas should be further investigated to provide a better
tmderstanding of metal finishing sludges:
1.

An analysis should be performed with regards to the

effects of weather and time on the leaching potential of these
sludges.

That is, anaerobic conditions may produce fatty acids,

lowering leachate pH; oxidation may convert insoluble metal sulfides
(S

-2

) to soluble metal sulfates

(so 4-2 )

after a period of time in a

landfill.
2.

The cation attenuating capacity of montmorillonite at

higher clay to sludge mass ratios should be investigated to
determine if the clay can reduce metal leachate concentrations
below EPA delisting criteria.
3.

A study should be performed comparing leaching rates of

synthetic and actual metal finishing sludges.
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(2) It is not a liquid and is capable.
under standard temperature ana
pressure. of causing fire through friction.
absorption of moisture or spontaneous
chemical changes and. when ignited.
burns so vigorously and persistently that
is creates a hazard.
(3) It is an ignitable compressed gas as
defined in 49 CFR li3.300 and as
determined by the test methods
described in that regulation or
equivalent test methods approved by the
Administrator under § § 260.20 and
260.21.
(4) It is an oxidizer as defined in 49
CFR 173.151.
(b) A solid waste that exhibits the
characteristic of ignitability. but is not
listed as a hazardous waste in Subpart
D. has the EPA Hazardous Waste
Number of 0001.
§ 261.22

Characteristic of cOrToatvlty.

(a) A solid waste exhibits the
characteristic of corrosivity if a
representative sample of the waste has
either of the following properties:
(1) It is aqueous and has.a pH less
than or equal to 2 or greater than or
equal to 12.5. as determined by a pH
meter using either the test method
specified in the "Test Methods for the
Evaluation of Solid Waste, Phys ical /
Chemical Methods" 1 (also described in
"Methods for Analvsis of Water and
Wastes" EPA 600/4-79--020. March
1979), or an equivalent test method
approved by the Administrator under
the procedures set forth in 11 260.20 and
260.21.
(2) It is a liquid and corrodes steel
(SAE 1020) at a rate greater than 6.35
mm (0.250 inch) per year at a test
temperature of 55°C (130°F) as
determined by the test method specified
in NACE {National Association of
Corrosion Engineers) Standard TM--0189 3 as standardized in "Test Methods
for the Evaluation of Solid Waste,
Physical/Chemical Methods," or an
equivalent test method approved by the
Administrator under the procedures set
forth in § § 260.20 and 260.21.
(b) A solid waste that exhibits the
characteristic of corrosivity. but is not
listed as a hazardous waste in Subpart
D, has the EPA Hazardous Waste
Number of 0002.
'Thi.a document i• available from Solid WHte
Information. U.S. Environmental Protection Asency.
Z8 W . St. Clair Street. Cincinnati. Ohio 45268.
"The NACE Standard i1 available from the
National AHociation of Corrosion Eagineera. P.O .
Box 988. Katy. Texu 7745£1.

§ 261.23

I

Monday. May 19. 1980

Characteristic of reactivity.

(a) A solid waste exhibits the
characteristic of reactivity if a
representative sample of the waste has
any of the following properties :
(1) It is normally unstable and read ily
undergoes violent change withcut
detonating.
(2) It reacts violently with water.
(3) It forms potentially explosive
mixtures with water.
(4) When mixed with water. it
generates toxic gases. vapors or fumes
in a quantity sufficient to present a
danger to human health or the
environment.
(5) It is a cyanide or sulfide bearing
waste which. when exposed to pH
conditions between 2 and 12.5. can
generate toxic gases. vapors or fumes in
a quantity sufficient to present a danger
to human health or the environment.
(6) It is capable of detonation or
explosive reaction if it is subjected to a
strong initiating source or if heated
under confinement.
(7) It is readily capable of detonation
or explosive decomposition or react ion
at standard temperature and pressure .
{8) It is a forbidden explosive as
defined in 49 CFR 173.51. or a Class A
explos iv e as defined in 49 CFR 173.53 or
a Class B explosive as defined in 49 CFR
173.88.
(b) A solid waste that exhibits the
characteristic of reactivity. but is not
listed as a hazardous waste in Subpart
D, has the EPA Hazardous Waste
Number of 0003.

f 261.24 Ct.ar.cteristlc of EP Toxictty.
{a) A solid waste exhibits the
characteristic of EP toxicity if. using the
test methods described in Appendix II
or equivalent methods approved by the
Administrator under the procedures set
forth in § § 260.ZO and 260.21. the extract
from a representative sample of the
waste contains any of the contaminants
listed in Table I at a concentration equal
to or greater than the respective value
given in that Table. Where the waste
contains less than 0.5 percent filterable
solids. the waste itself. after filtering . is
considered to be the extract for the
purposes of this section.
(b) A solid waste that exhibits the
characteristic of EP toxicity. but is not
listed as a hazardous waste in Subpart
D. has the EPA Hazardous Waste ·
Number specified in Table I which
corresponds to the toxic contaminant
causing it to be hazardous.

Rules and Regulations
Tab+e 1.-Maxlmum Concentration of
Contaminant.a for Charactenstic of EP ToxlcltyContmued
EPA
Contamtt'\8nt

per

number

coo.

Arseruc ............

0005 .. .
0006 .. .

Banum . ....
Caarn.um . ..
Ctvom1um .................... . ...
Lead . ... .......... ..............
Mercury .
..
Selenium ................... ......
S.lver .
. ...

0007

.......... ..

0008 ....... ..

0009 ......... ..
0010 ..
00 11
0012

Maximum
conce r-tra:ior

tmi111gra,.,.,s

W&Sle

Enonn

(1. 2.3.' 10. 1o.

1ne rJ

5o
100 0
! C
5C
5G
0 2
1O
5O
o C2

hexactil0<0- 1 7 -epor:y 1,4 ,<4.a. 5 ,6 7.8 .8a·
octahyaro- 1.•-.:SO. endo5 .8-dimet hano NWMINIJene

0013 .. .

UnCane (1.2.3 ,4 5 E>hex.acniO< ocyeiOhexane .

0 .4

gamma~

0014 ..

Metho><yChlOr ( 1, 1. 1·
TnchlO<o-2.2-bS [ :>·
rnethoxypnenyt J etna r><.> '

0015 .....

T~

(C,.H ,.C1.

100

0 .5

Tectil'llCal c:Nonna1eo
cam~ . 67-e9 001:en1
cnionnel
0016 .

2.4-0 (2 4 .

10 0

Ow;hlO<~><yace c:

M:ld)

0Cl1 7 ...

2.4 .5'-TP 5'/ve• <2 .4.5,.

10

Tncnt0ro0neno><yp<ooocn1c
aod).

Subpart 0-Lists of Hazardous Wastes
§ 261.30

General.

(a) A solid waste is a haz ard ous
waste if it is listed in this S ub part.
unless it has been excluded from this list
under § § 260.20 and 26022.
(b) The Administrator will indicate his
basis for listing the classes or types of
wastes listed in this Subpar t by
employing one or more of the follow ing
Hazard Codes:
(J)
lgnltMlle w-....................................... ..
~W-e .............. _

.. , ................... .

Reactiw Waste ..................... .
EP Tcnac Wasle ....... .. ...... ............ .........
Acute Hazarcioua Waste ........ ............... .
Touc Waste ..
. ................................ ..

CCI
(R I

<Ei
(H J

en

Appendix VII identifies the constituent
which caused the Admini strator to list
the waste as an EP Toxic v\'aste (E) or
Toxic Waste
in§§ 261 .31 and 261.32.
(c) Each hazardous waste listed in this
Subpart is assigned an EPA Hazardous
Waste Number which precedes the
name of the waste. This number must be
used in complying with the notification
requirements of Section 3010 of the Act
and certain recordkeeping and reporting
requirements under Parts 262 through
265 and Part 122 of this Chapter.
(d) Certain of the hazardous wastes
listed in § 261.31 or I 261 .32 have
exclusion limits that refer to
§ 261.5(c)(5).

Cn
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combined liquid (or the waste itself if it
has less than 1/2 percent solids . as noted
in Step 2) is the extract and should be
analyzed 101 u it:: p r t::::.t::nce 01 any of the
contaminants specified in Table I of
§ 261 .24 using the Analytical Procedures
designated below.

Separation Procedure
Equipment: A filter bolder, designed
for filtration media having a nominal
pore size of 0.45 micrometers and
capable of applying a 5.3 kg/cm 2 (75 psi)
hydrostatic pressure to the solution
being filtered shall be used. For mixtures
containing nonabsorptive solids, where
separation can be affected without
imposing a 5.3 kg/ cm 2 pressure
differential. vacuum filters employing a
0.45 micrometers filter media can be
used. (For further guidance on filtration
equipment or procedures see "Test
Methods for Evaluating Solid Waste ,
Physical/Chemical Methods." )
Procedure: 3
(i) Following manufacturer's
directions . the filter unit should be
assembled with a filter bed consisting of
a 0.45 micrometer filter membrane . For
difficult or slow to fil ter mixtures a
prefilter bed consisting of the following
prefilters in increasing pore size (0.65
micrometer membran e. fme glass fiber
prefilter. and coarse glass fiber prefilter)
can be used.
(ii) The waste should be poured into
the filtration unit.
(iii) The reservoir should be slowly
pressurized until liquid begins to flow .
from the filtrate outlet at which point the
pressure in the filter should be
immediately lowered to 1(}-15 psig.
Filtration should be continued until
liquid flow ceases .
(iv) The pressure should be increased
stepwise in 10 psi increments to 75 psig
and filtration continued until flow
ceases or the pressurizing gas begins to
exit from the filtrate outlet.
(v) The filter unit should be
depressurized. the solid material
removed and weighed and then
transferred to the extraction apparatus,
or. in the case of final filtration prior to
analysis , discarded. Do not allow the
1
Th1s procedutt ia intended to reault in
1eparation of the .. free .. liquid portion of the w111te
from any aolid matter h1vmg e particle 1ize
;>0.45um . lf the aample will not filter , variou1 other
IM!paretion techniques can be iaed to aid in the
filtntion. lu de1cribed above. preHure filtration ia
employed to apeed up the filtration proceu.
does not alter the nature of the IM!parauon. lf liquid
doea not IM!parate du.ring filtration. the waatr can be
oentrifused. lf aepantion occun during
centrifugation the liquid portion (centrifugate) ia
filtered through the 0.45um filter prior to becoml.Jl8
mixed with the liquid portion of the waatr obtamrd
from the initial filtration . Any material that wiU not
paaa through the filter after centrifusation ia
considered a solid and ia n:tncted.

nn.

material retained on the filter pad to dry
prior to weighing.
(vi) The liquid phase should be stored
at 4°C for subsequent use in Step 8.

B. Structural Integrity Procedure
Equipment: A Structural Integrity
Tester having a 3.18 cm (1.25 in.)
diameter hammer weighing 0.33 kg (0.73
lbs.) and having a free fall of 15.24 cm (6
in.) shall be used. This device is
available from Associated Design and
Manufacturing Company. Alexandria.
VA .. 22314, as Part No. 125, or it may be
fabricated to meet the specifications
shown in Figure 1.

Procedure:
1. The sample holder should be filled
with the material to be tested. If the
sample of waste is a large monolithic
block, a portion should be cut from the
block having the dimensions of a 3.3 cm
(1 .3 in.) diameter x 7.1 cm (2.8 in.)
cylinder. For a fixated waste, samples
may be cast in the form of a 3.3 cm (1 .3
in.) diame ter x 7.1 cm (2.8 in.) cylinder
for purposes of conducting this test. In
such cases, the waste may be allowed to
cure for 30 days prior to further testing.
2. The sample holder should be placed
into the Structural Integrity Tester, then
the hammer should be raised to its
maximum height and dropped. This
should be repeated fifteen times.
3. The material should be removed
from the sample holder. weighed. and
transferred to the extraction apparatus
for extraction.

Analytical Procedures for Analyzing
Extract Contaminants
The test methods for analyzing the
extract are as follows:
(1) For arsenic. barium. cadmium.
chromium, lead, mercury, selenium or
silver: "Methods for Analysis of Water
and Wastes." Environmental Monitoring
and Support Laboratory, Office of
·
Research and Development. U.S.
Environmental Protection Agency,
Cincinnati, Ohio 45268 (EPA~/~79020, March 1979},
(2) For Endrin: Lindane;
Methoxychlor; Toxaphene: 2.4-D: 2,4.5TP Silver: in "Methods for Benzidine,
Chlorinated Organic Compounds,
Pentachlorophenol and Pesticides in
Water and Wastewater," September
1978. U.S. Environmental Protection
Agency, Environmental Monitoring and
Support Laboratory. Cincinnati, Ohio
42568.
as standardized in "Test Methods for
the Evaluation of Solid Waste. Physical/
Chemical Methods."
For all analyses. the method of
1tandard addition shall be used for the
quantification of species concentration.

This method is described in "Test
Methods for the Evaluation of Solid
Waste." (It is also described in
"Methods for Analysis of Water and
Wastes .")
BIL.UNG CODE IMO-(l1 -M
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Append.ix U- EP Toxicity Test
Procedure

U223 ..... - .. Toll-. '*9ocywwte
U224.......... T._,,_
U225 ..........
1)22e ..........

U227. .........

U228-·-·-·

A. Extraction Procedure {EP)

2.4 .S- Tl' U233
T...._.,,.__
1,1.1-T1a::hloowtlw•
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U239..... .... Xytene
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nol r-ia.z:wdous. The nwtenal • "-dlOus ~ ii • ...., ......
I

The /4qtltt'cy

incMjed
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Append.ix I-Representative Sampling
Methods
The methods and equipment used for
sampling waste materials will vary with
the form and consistency of the waste
materials to be sampled. Samples
collected using the sampling protocols
listed below, for sampling waste with
properties similar to the indicated
materials. will be considered by the
Agency to be representative of the
waste.
Extremely viacous liquid-ASTM Standard
0140-70 Cnahed or powdered materialASTM Standard 034&-75 Soil or rock-like
material-ASTM Standard 0420-69 Soillike material-ASTM Standard 01452~
Fly Ash-like material-ASTM Standard
02234-76 [ASTM Standards are available
from ASTM. 1916 Race St.. Philadelphia.
PA 19103]
Containerized liquid wB1tea--"COUWASA"
described in "Test Methods for the
Evaluation of Solid Waate. Physical/
Chemical Methods." 1 U.S. Environmental
Protection Agency. Office of Solid Waate,
Washington, O.C. 20400. [Copies may be
obtained from Solid Waste Information.
U.S. Environmental Protection Agency, 26
W . St. Clair St., Cincinnati, Ohio 45268]
Liquid waste in pits. ponda. lagoons. and
•imila.r reservoirs.-"Pond Sampler"
described in "Teat Methoda for the
Evaluation of Solid Waite. Phyaical/
Chemical Methods." 1

This manual also contains additional
information on application of these
protocols.
'The.e methoda are al.ao deacribed in "Samplen
and Samplins Procedw-ea for Hazardoua Waate
Streama." EPA ll00/2-«)--018. January lll80.

1. A representative sample of the
waste to be tested (minimum size 100
grams) should be obtained using the
methods specified in Appendix I or any
other methods capable of yielding a
representative sample within the
meaning of Part 260. [For detailed
guidance on conducting the various
aspects of the EP see "Test Methods for
the Evaluation of Solid Waste. Physical/
Chemical Methods ." SW-846. U.S.
Environmental Protection Agency Office
of Solid Waste, Washington. D.C.

20460.1]
2. The sample should be separated

into its component liquid and solid
phases using the method described in
"Separation Procedure" below. If the
solid residue i obtained using this
method totals less than 0.5% of the
original weight of the waste. the residue
can be discarded and the operator
should treat the liquid phase as the
extract and proceed immediately to Step
8.

3. The solid material obtained from
the Separation Procedure should be
evaluated for its particle size. If the solid
material has a surface area per gram of
material equal to. or greater than, 3.1
cm z or passes through a 9.5 mm (0.375
inch) standard sieve, the operator
should proceed to Step 4. If the surface
area is smaller or the particle size larger
than specified above, the solid material
should be prepared for extraction by
crushing, cutting or grinding the material
so that it passes through a 9.5 mm (0.375
inch) sieve or. if the material is in a
single piece, by subjecting the material
to the "Structural Integrity Procedure"
described below.
4. The solid material obtained in Step
3 should be weighed and placed in an
extractor with 16 times its weight of
deionized water. Do not allow the
material to dry prior to weighing. For
purposes of this test. an acceptable
extractor is one which will impart
sufficient agitation to the mixture to not
only prevent stratification of the sample
and extraction fluid but also insure that
all sample surfaces are continously
1 Copiea may be obtained from Solid Wute
Information. U.S. Environment.al Protection Agency,
Ziii W . St Cla.ir Street Cincinnati. Ohio '5288.
1 The1pen:ent aol.id. ia determined by dryilJ8 the
filter pad at ao• C until it reachea conatant wei8ht
and then calculalin& the percent aolid. uaing the
followina equation:

(.-ght ol pad + aolid)
- (tmr9 ...q1I of pad)

---------- x

1110 -

.....
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brought into contact with well mixed
extraction fluid.
5. Af~r the solid material and
deionized water are placed in the
extractor, the operator should begin
agitation and measure the pH of the
solution in the extractor. If the pH is
greater than 5.0. the pH of the solution
should be decreased to 5.0 ± 0.2 bv
adding 0.5 N acetic acid. If the pH is
equal to or less than 5.0. no acetic acid
should be added. The pH of the solution
should be monitored, as described
below. during the course of the
extraction and if the pH rises above 5.2.
0 .5N acetic acid should be added to
bring the pH down to 5.0 ± 0.2.
However, in no event sha ll the aggregate
amount of acid added to the solution
exceed 4 ml of acid per gra m of so li d.
The mixture should be ag!t ated for 24
hours and maintained at 20°-4-0° C (68°1040 F) during this time . It is
recommended that the operator monitor
and adjust the pH during the course of
the extraction with a device such as the
Type 4~A pH Controller manufactured
by Chemtrix. Inc .. Hillsboro . Oregon
97123 or its equivalent. in conjunction
with a metering pump and res ervoir of
0 .SN acetic acid. If such a s ystem is not
available. the following ma n ual
procedure shall be emplo yed :
(a) A pH meter should be calibrated m
accordance with the manufacturer"s
specifications.
(b) The pH of the solution sh o uld be
checked and. if necessary. 0 .5N acet ic acid
should be manually added to the extractor
until the pH reaches 5.0 ± 0.2. The pH of the
aolution should be adjusted a t 15. 30 and 60
minute intervals . moving to the next longer
interval if the pH does not have to be
adjusted more than 0.5N pH un its .
(c) The adjustment procedure should be
continued for at least 6 hours .
(d) If at the end of the 24-hour extraction
penod. the pH of the solution 1s not bel ow 5.2
and the maximum a.mount of acid (4 m l per
gram of solids) has not been added . the pH
ahould be adjusted to 5.0 ± 0 .2 and the
extraction continued for an additional four
hours. during which the pH should be
adjusted at one hour intervals.

6. At the end of the 24 hour extraction
period. deionized water should be added
to the extractor in an amount
determined by the following equation:
V:s (20)(W)-16(W)-A
V = ml deionized water to be added
W = weight in grams of aolid charged to
extractor
A- ml of O.SN acetic acid added during
extraction

7. The material in the extractor should
be separated into its component liquid
and solid phases as described under
"Separation Procedure ."
6. The liquids resulting from Steps 2
and 7 should be combined. This
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EVALUATION OF PRECISION

Metal
Cd
Cu
Pb
Ni
Zn

Mean
(mg/l)

Standard Deviation
(mg/.1)

II of
Observations

1.65
14.6
0.29
10.2
9.96

0.04
0.20
0.02
0.10
0.05

6
6
6
6
6

EVALUATION OF ACCURACY INTERVAL STANDARDS
(Average of Four Observations)
True Value
(mg/l)

Reported Value
(mg/1)

Cd

0.1
1.0
10.0

.16
1.15
10.50

Zn

0.1
1.0
10.0

0.12
1.10
10.40

Cu

0.1
1.0
10.0

0.15
1.11
10.50

Pb

0.1
1.0
10.0

0.14
1.11
10.33

Ni

0.1
1.0
10.0

0.12
1.06
10.20

Parameter

Distilled Water Spikes
Cd
Cu
Pb
Ni
Zn

3.00
0. ·1 0
1.50
1.00
1.00

3.03
0.12
·1.ao
1.02
1.11
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